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ABSTRACT 

This paper presents a detailed study of excess line broadening in EUV emission lines during the 
impulsive phase of a C-class solar flare. In this work, which utilizes data from the EUV Imaging 
Spectrometer (EIS) onboard Hinode, the broadened line profiles were observed to be co-spatial with 
the two HXR footpoints as observed by RHESSI. By plotting the derived nonthermal velocity for 
each pixel within the Fe XV and Fe XVI rasters against its corresponding Doppler velocity a strong 
correlation (|r| > 0.59) was found between the two parameters for one of the footpoints. This suggested 
that the excess broadening at these temperatures is due to a superposition of flows (turbulence), 
presumably as a result of chromospheric evaporation due to nonthermal electrons. Also presented 
are diagnostics of electron densities using five pairs of density-sensitive line ratios. Density maps 
derived using the Mg VII and Si X line pairs showed no appreciable increase in electron density at the 
footpoints, while the Fe XII, Fe XIII, and Fe XIV line pairs revealed densities approaching 10^^'^ cm~'^. 
Using this information, the nonthermal velocities derived from the widths of the two Fe XIV lines were 
plotted against their corresponding density values derived from their ratio. This showed that pixels 
with large nonthermal velocities were associated with pixels of moderately higher densities. This 
suggests that nonthermal broadening at these temperatures may have been due to enhanced densities 
at the footpoints, although estimates of the amount of opacity broadening and pressure broadening 
appeared to be negligible. 

Subject headings: Sun: activity - Sun: chromosphere - Sun: fiares - Sun: UV radiation-Sun: X-rays, 
gamma rays 



1. INTRODUCTION 

The spectroscopy of extreme ultra-violet (EUV) emis- 
sion lines is a crucial diagnostic tool for determining 
the composition and dynamics of the fiaring solar at- 
mosphere. While imaging instruments provide impor- 
tant context information of the morphology and struc- 
ture of coronal features, the images themselves are usu- 
ally broadband, comprising several different ion species 
which can bias the interpretation of the observations. 
Spectroscopy offers the advantage of providing quantifi- 
able measurements of parameters such as temperature, 
density, and velocity, which can then be compared with 
predictions from theoretical models. 

In the context of solar flares, EUV and soft X- 
ray (SXR) spectroscopy has led to important measure- 
ments of chromospheric evaporation thro ugh Doppler 
shifts of high-temp erature line profi les. lActon et al 
' 1982D . lAntonucci fc DcnnTsI (|1983|V, 'Canficl d et al 



19871), iZarro fc Lemen (.19^ . and iDoschek fc Warren 



20051 ) each measured blueshifts of 300-400 km s 
the Ca XIX line (3.1-3.2 A, 25 MK) using the Bent 
and Bragg C rystal Spectrometers (BCS) onboard SMM 
(jActon et al.l Il980) and Yohkoh (jCulhane et al.lll991[ ). 
respectively. Similar studies using data from the Coro - 
nal Diagnostic Spectrometer (CDS: lHarrison et al.lll995l ) 
on SOHO revealed upflow velocities of 150-300 km s~^ 
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in the Fe X IX line (592. 23 A. 8 MK; Czavkowska et alj 
[1999; 200 LlTeriaca et al 20 03. Brosius fc Phillips 2004 
Milligan e t_al.l l2006allbnBrosius fc HolmanI 120071: llooa 
iBrosiua 120091) . The EUV Imaging Spectrometer (EIS) 
onboard Hinode now allows these measurements to 
be made over many high temperature lines simultane- 
ously (Milligan & Dennis 2009, Del Zanna ct al. 20lil 
[Graham et al.i 1201 1( ). and its superior spectral resolu- 
tion, coupled with its imaging capability now means 
that spatial information regarding line widths can be ob- 
tained; something not previously possible with other in- 
struments. 

The width of spectral lines reveals important informa- 
tion on the temperature and turbulence of the emitting 
plasma. Line width is generally made up of at least 
three components: the intrinsic instrumental resolution, 
the thermal Doppler width, and any excess (nonthermal) 
broadening which can be an indicator of possible turbu- 
lence, pressure or opacity broadening, or the Stark Ef- 
fect. Many studies have reported excess EUV and SXR 
line broadening, over and above that expected from ther- 
mal emission, during a flare's impulsive phase indicat- 
ing possible turbulent motion. This was typically ob- 
served in the Ca XIX resonance line (10 -130 km s~^; 
Doschek ct al. 1980, Feldman ct al. '1980', iGabriel et all 
1981, Antiochos fc Sturrock 1982) and t he Fe XXV line 
(1.85 A, 90 km s"^; iGrineva et allll973[ ). although this 
emission was integrated over the entire disk. Opac- 
ity effects have been observed in stellar flare spectra, 
in particular in C III lines, although no act ual opacity 
broadening was conclusively measured (jChristian et al.l 
12004 120061 ). The effect of Stark broadening due to the 
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electrostatic field of the charged particles in the plasma 
has been stu died extensively in the Balmer series of hy- 
dro gen fe.g. iLee et al.l I1996D and in stellar flare spec- 
tra Ijo^ilKrniLeraDllM^ iCanfield et all |l984) also 
noted that the excess emission in the wings of the Ha 
line was critically dependent on the flux of the incident 
electrons during solar flares. 

The origin of excess broadening of optically thin emis- 
sion lines beyond their thermal Doppler widths, even 
in quiescent active region spectra, is still not fully un- 
derstood (Doschck ct al. 2008, Imada et al. 2008). The 
general consensus is that the broadening is due to a 
continuous distribution of different plasma flow speeds 
in structures smaller than the spa tial resolution of the 
spectrometer ([Doschek et al.|[2008f) . Several studies have 
been carried out which correlate Doppler velocity with 
nonthermal velo city for entire acti ve regions using raster 
data from EIS (iHara et al.l 120081 [Poschek et al.. .200a 
iBrvans et ahl 120101 lPeteHl2010D . Each of these studies 
showed that Doppler speed and nonthermal velocities 
were well correlated over a given quiescent active region 
indicating that the broadening is likely due to a distri- 
bution of flow speeds. However excess line broadening 
could also be due pressure broadening resulting from in- 
creased electron densities. In these cases, collisions with 
electrons occur on time scales shorter than the emission 
time scale of the ion, resulting in a change in frequency 
of the emitted photon. However, iDoschek et al.l ()2007f ) 
found that regions of high temperature in an active re- 
gion corresponded to regions of high densities, but the 
locations of increased line width did not, suggesting that 
pressure broadening was not th e correct ex p lanat ion in 
this instance. Also using EIS, IHara et al.l (l2009l) sug- 
gested that turbulence in the corona could be induced 
by shocks emanating from the reconnection site. 

EIS also offers the ability to obtain values of the coro- 
nal electron density by taking the ratio of the flux of 
two emission lines from the same ionization stage when 
one of the lin es is d e rived from a metastable transi- 
tion. iGallaghereLaLl (|2001h and [Milhgan ct al. (2005) 
used various coronal line ratios from SOHO/CDS data 
to determine the den s ity st ructure of active regions. 
iWarren fc Winebargeii ()2003l) used the Solar Ultravio- 
let Measurements of Emitted Radiation (SUMER) spec- 
trometer, also on SOHO, to determine the density struc- 
ture of an active region above the limb. More recently, 
several similar studies have been made using the den- 
sity diagnostic capab ilities of EIS. As mentioned above, 
IDoschek et"aI1 (|2007f ) found that regions of high tem- 
perature in an active region corresponded to regions of 
high densities, but the locations of increased line width 
did not. Chif or et al.l ([2008) determined the density in 
upflowing Fe XII material in a jet and found that the 
faster moving plasma was more dense. More recently 
iGraham et al.1 ()2011|) found enhanced electron densities 
from Fe XII, Fe XIII, and Fe XIV ratios at a flare foot- 
point. 

Thi s paper continues the work of iMilli gan fc Dennid 
()2009D . which focused primarily on measuring the 
Doppler shifts of 15 EUV emission lines covering the 
temperature range 0.05-16 MK during the impulsive 
phase of a C-class flare that occurred on 2007 Decem- 
ber 14. In doing so, a linear relationship was found 
between the blueshift of a given line and the tempera- 




FlG. 1. — Derived plasma parameters from a single EIS raster 
taken during the impulsive phase of a Cl.l fiare that occurred on 
2007 December 14. a) A image showing the spatial distribution 
of the Fe XV 284. lOA line intensity. Overlaid are the contours 
of the 20-25 keV X-ray sources as observed by RHESSI. b) The 
corresponding Doppler velocity map derived from shifts in the line 
centroid relative to a quiet-Sun value. Positive velocities (redshifts) 
indicate downflows, while negative velocities (blueshifts) indicate 
upflows. c) Map of the nonthermal velocity from the line widths 
over and above the thermal plus instrumental widths, d) Spatial 
distribution of electron density from the ratio of two Fe XIV lines 
(264.79A/274.20A) which are formed at a similar temperature to 
that of Fe XV. 



ture at which it was formed. The work also revealed 
the presence of redshifted footpoint emission (interpreted 
as chromospheric condensation due to the overpressure 
of the evaporating material), at temperatures approach- 
ing 1.5 MK; much higher than predicted by current so- 
lar flare models (see also Milligan 2008). During the 
initial analysis of the EIS data from this event, it was 
noticed that the EUV line profiles at the location of 
the hard X-ray (HXR) emission were broadened beyond 
their thermal width in addition to being shifted from 
their 'rest' wavelengths. Furthermore, the correspond- 
ing electron density maps yielded substantially high den- 
sity values (>10^° cm~^) at the same location. Figure [T] 
shows a sample of data products derived from the Fe XV 
284. 16A raster taken during the impulsive phase: an in- 
tensity map (a; with contours of the 20-25 keV emis- 
sion observed by RHESSI overlaid), a Doppler map (&), 
a nonthermal velocity map (c), and a density map (d; 
derived from the Fe XIV line ratio (264.79A/274.20A) 
which is formed at a similar temperature). At the lo- 
cation of the HXR emission, the plasma appeared to 
be blueshifted, turbulent, and dense. This then raised 
the question: 'what was the nature of the nonthermal 
line broadening at the site of the HXR emission dur- 
ing the impulsive phase of this solar flare?' Was it due 
to unresolved plas ma flows similar to that found in ac- 
tive region studies (Hara et al.''2008l lDoschek et al.ll2008l 
IBrvans et a l. 2010, Peter 2010) or was it from pressure or 
opacity broadening due to high electron d ensities similar 
to that found in opt i cally thick H lines d Canfiel d et al.l 
IT98llLee et"aI1[T996l IChristian et al.ll2004 : 2006)? 

Thanks to the rich datasets provided by EIS during 
this event, a much more comprehensive analysis of the 
flaring chromosphere can be carried out. The observing 
sequence that was running during this event contained 
over 40 emission lines (including 5 density sensitive pairs) 
and rastered over the flaring region with a cadence of 
3.5 minutes. This allowed measurements of differential 
emission measure (from line intensities), Doppler veloc- 
ity (from line shifts) , thermal and nonthermal broadening 
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Fig. 2.— Top: An image of NOAA AR 10978 taken in the 
TRACE 171 A passband on 2007 December 14 at 14:14:42 UT. 
Overlaid is the rectangular field of view of the EIS raster. The 
inset in the top left corner shows a zoomed-in portion of the image 
containing the two HXR footpoints (FPl and FP2) under investi- 
gation. The contours overlaid in yellow are the 60% and 80% levels 
of the 20-25 keV emission as observed by RHESSI from 14:14:28- 
14:15:00 UT. Bottom: Lightcurves in the 3-6 (black), 6-12 (ma- 
genta), and 12-15 keV (green) energy bands from RHESSI. The 
dashed lightcurve indicates the corresponding 1—8 A emission from 
GOES. The vertical dashed lines denote the start and end times of 
the EIS raster taken during the impulsive phase, while the vertical 
solid line marks the time of the TRACE and RHESSI images in 
the top panel. 

(from line widths), and electron densities (from line ra- 
tios) over the same broad temperature range covered by 
iMilligan fc DennTsI (|2009l ) to be made. Section[2]presents 
a brief overview of the event. Section |3] describes the 
derivation of the various plasma parameters. Section |4] 
discusses the findings from correlative studies between 
parameters while the conclusions are presented in Sec- 
tion [5] 

2. THE 2007 DECEMBER 14 FLARE 

The GOES Cl.l class flare under study occurred in 
NOAA AR 10978 on 2007 December 14 at 14:12 UT. 
The top panel of Figure [5] shows an image of the ac- 
tive region taken by the Transition Region and Coronal 
Explorer (TRACE: 'Ha ndv et al.| [l999l) in the 171 A pass- 
band during the impulsive phase of the flare. Two bright 
EUV footpoints are visible in the northern end of the box 
which denotes the EIS field of view (FOV). The inset in 
the top left corner of the panel shows a close-up of the 
footpoints with contours of the 20-25 keV emission ob- 
served by the Ramaty High-Energy Solar Spectroscopic 



TABLE 1 

Ions, Wavelengths, And Peak Formation 
Temperatures Of Emission Lines Used In This Work 
Along With Measured Doppler And Nonthermal 
Velocities. 



Ion 


A(A) 


T (MK)^ 


V (km s-^)^ 


Vnth (km s ^) 


He H 


256.32 


0.05 


21±12 


57 


O VI 


184.12 


0.3 


60±14 


68 


Mg VI 


268.99 


0.5 


51±15 


71 


Mg VII 


280.75 


0.6 


53±13 


64 


Fe VIII 


185.21 


0.8 


33±17 


74 


FeX 


184.54 


1.0 


35±16 


97 


FeXI 


188.23 


1.2 


43±15 


60 


Fe XII 


195.12 


1.35 


28±17 


81 


Fe Xllf 


202.04 


1.6 


-18±14 


54 


Fe XIV~ 


274.20 


1.8 


-22±12 


58 


Fe XV 


284.16 


2.0 


-32±8 


73 


Fe XVI 


262.98 


2.5 


-39±20 


48 


Fe XVII 


269.17 


4.0 


-69±18 


78 


Fe XXIII 


263.76 


14.0 


<-230±32 


122 


Fe XXIV 


192.03 


18.0 


<-257±28 


105 



"Lin e formation temperatures from CHIANTI v6.0.1. IDere et al.l 
||2009|) . Note that these differ slightly from those quoted in 
IMilligan fc Dennis (2001) which were from lYoune et al.l (120071) . 
•'From TCUigan & DennS (1^^ 

•^Note that in Milligan & Dcnnig (120091) this line was incorrectly 
identified as being redshifted. 

Imager (RHESSI: Hin et al.|[2003 ) overlaid. After man- 
ually correcting for the 5" pointing offset in both the 
solar X and solar Y directions, the two EUV footpoints 
align well with the HXR sources as seen by RHESSI, 
here labelled as FPl and FP2. The bottom panel of the 
figure shows the X-ray lightcurves from RHESSI in the 
3-6, 6-12, and 12-25 keV energy bands, along with the 
1-8 A lightcurve from GOES. The vertical solid line de- 
notes the time of the TRACE and RHESSI images in the 
top panel, while the vertical dashed lines mark the start 
and end times of the EIS raster under investigation. 

The observing study that EIS was running when the 
flare occurred (CAM_ARTB_RHESSI_b_2) was originally 
designed to search for active region and transition re- 
gion brightenings in conjunction with RHESSI. Using 
the 2" slit, EIS rastered across a region of the Sun, 
from west to east, covering an area of 40" x 143", de- 
noted by the rectangular box in Figure [2] Each slit po- 
sition had an exposure time of 10 s resulting in an ef- 
fective raster cadence of ^3.5 minutes. These fast-raster 
studies are preferred for studying temporal variations of 
flare parameters while preserving the spatial information. 
Equally important though, is the large number of emis- 
sion lines which covered a broad range or temperatures. 
This observing study used 21 spectral windows, some 
of which contain several individual lines. The work pre- 
sented here focuses on 15 lines spanning the temperature 
range 0.05-16 MK. Details of the lines, their rest wave- 
lengths and peak formation temperatures are given in 
Tabl e [H along wit h their Doppler velocities derived by 
Milli gan &: DennisI (^2009^3 and the nonthermal velocities 

^ Note that IMilligan fc Den nisI II20 09I ) orig inally used forma- 
tion temperatures quoted in l^oung~et''aTT ( 120071) whereas this work 
used revised val ues from the latest version of CHIANTI (v6.0.1; 
IDere et al.|[2009t l. Also, the Fe XIII line was incorrectly identified 
as being redshifted in the original analysis. The foUowup analysis 
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Fig. 3. — Partial field-of-view of the EIS raster taken during the impulsive phase of the flare in each of the 15 emission lines used in 
this study. Top row shows the normalized intensity maps. The middle and bottom rows show the corresponding Doppler velocity and 
nonthermal velocity maps, respectively. In the Doppler maps, positive velocities (redshifts) indicate downflows, while negative velocities 
(blueshifts) indicate upfiows. 
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as measured in this work. The majority of these lines are 
well resolved and do not contain blends, thereby reducing 
ambiguities in their interpretation. 

Intensity, Doppler, and nonthermal velocity maps in 
each of the 15 emission lines are shown in Figure [3] for 
the portion of the EIS raster containing the two foot- 
points during the impulsive phase of the flare. Looking 
at the brighter southeastern footpoint in the top row of 
Figure [3l there are no discernible differences between im- 
ages formed at temperatures lower than '^4 MK. Images 
in the two hottest lines (Fe XXIII and Fe XXIV) however, 
show an overlying loop structure which had begun to fill 
with hot plasma. For a more detailed description of this 
event, see iMiUigan fc Dennis! (f2009l) . 

3. DATA ANALYSIS 

3.1. Doppler and Nonthermal Velocities 

Each line profile in each pixel within a raster was fitted 
with a single Gaussian profile. The Doppler and nonther- 
mal velocities were calculated from the line centroids and 
line widths, respectively. The line of sight component to 
the Doppler velocity, v, is given by: 



A-Aq 
Ao 



(1) 



where A is the measured line centroid, Aq is the reference 
(rest) wavelength obtained from quiet-Sun values (except 
for the Fe XXIII and Fe XXIV lines which were measured 
relative to centroid positions taken during the flare's de- 
cay phase), and c is the speed of light. The resulting 
Doppler velocity maps for each of the 15 lines are shown 
in the middle row of Figure [3l This shows that emission 
from lines formed below ~1.35 MK was redshifted at the 
loop footpoints while plasma a t higher temperatures (2 - 
16 MK) was blueshifted ffrom iMilligan fc Dennisll2009f ). 
The nonthermal velocity, Vnth, can be calculated using: 



= 4ln2 



ith 



2 

inst 



(2) 



where W is the measured width of the line profile, and 
Winst is the instrumental width (taken here to be 0.056 
ml from IDoschek et"aI1 120071 and iHarra et al] 120091 ). 
The thermal velocity, vth, is given by: 



2kBT 
M 



(3) 



where fcs is the Boltzmann constant, T is the forma- 
tion temperature of the line, and M is the mass of the 
ion. The resulting nonthermal velocity maps are shown 
in the bottom row of Figure |3l From this it can be seen 
that nearly all lines exhibit some degree of broadening at 
the loop footpoints, although some maps appear 'noisier' 
than others. This was particularly true for the Fe XXIII 
and Fe XXIV lines (not shown) which have no quiet-Sun 
emission. Furthermore, as noticed in 'Milliga n fc DennisI 
(|2009| ). the line profiles at the flare footpoints for these 
ions also required a two-component fit (one stationery, 
one blueshifted) with the blueshifted component extend- 
ing beyond the edge of the spectral window in many 
cases, further complicating the construction of a non- 
thermal velocity map. 



TABLE 2 

Ions, Wavelengths, And Peak Formation 
Temperatures Of Density Sensitive Line Ratios Used 
In This Work Along With The Range Of Densities 
Over Which They Are Sensitive. 



Ion 


A(A) 


T (MK) 


Tie (( 


3m ^) 


Mg VII 


278.40 


0.6 


10**- 


-10"^ 


Mg VII 


280.75 


0.6 


10*- 


-10"^ 


Fe XII 


195.12 


1.35 


10^- 


-10" 


Fe XII 


196.64 


1.35 


10^- 


-10" 


Six 


258.37 


1.4 


10* 


-10^ 


Six 


261.04 


1.4 


10* 


-10^ 


Fe XIII 


202.04 


1.6 


10^- 


-10" 


Fe XIII 


203.83 


1.6 


10^- 


-10" 


Fe XIV 


264.79 


1.8 


10^- 


-10" 


Fe XIV 


274.20 


1.8 


10^- 


-10" 



3.2. Density Diagnostics and Column Depths 

The EIS dataset used in this work contained five pairs 
of density sensitive line ratios: Mg Vll, Si X, Fe XII, 
Fe XIII, and Fe XIV (see Table |2] for details). The 
theoretical relationship between the flux ratios and the 
corresponding electron densities as derived from CHI- 
ANTI v6.0.1 are shown in Figure ID Each of these 
line pairs are mostly sensitive to densities in the range 
'^10*-10^° cm^^. Using the eis_density.pro routine in 
SSWIDL, electron density maps were compiled for the 
raster taken during the impulsive phase at each of these 
five temperatures. These maps are shown in Figure [5j 
Both the maps formed from Mg VII and Si X line pairs 
show no discernible evidence for enhanced densities at 
the location of the HXR emission. As the Mg VII lines 
are formed at temperatures corresponding to the lower 
transition region, where densities are already on the or- 
der of 10^° cm~'^, any appreciable increase would be diffi- 
cult to detect. Similarly, the Si X lines are only sensitive 
to densities below 10^ cm~'^ (from Tableland Figured]) 
and may therefore not be suitable for measuring den- 
sity enhancements during flares. The Fe XII map, while 
showing enhanced densities at the loop footpoints rela- 
tive to the quiet Sun, exhibits a systematically higher 
density value (by approximately a factor of 2) than ei- 
ther the Fe XIII and Fe XIV maps, which are formed 
at comparable temperatures. This discrepancy is likely 
due to inaccuracies in the atomic data for Fe XII rather 
than a real, physical difference in the densities sampled 
by the different io ns (P. You ng; pri v. com m. See also 
lYoung et alll2009l and|Graham et al. 2011[ ). The Fe XIII 
and Fe XIV maps themselves show a distinct increase in 
electron densities at the loop footpoints with the values 
from the Fe XIII pair reaching their high density limits. 

Using the values derived for the electron densities it 
is possible to compute the column depth of the emitting 
material. Given that the intensity of a given emission 
line, /, can be expressed as: 



AttI = 0.83 / G(r, Ne)N^dh 



(4) 



where G(T, Ng) is the contribution function for a given 
line, Ne is the electron number density and h is the col- 
umn depth. By approximating the contribution function 
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Fig. 4. — The theoretical relationships between line flux and de- 
rived electron density from CHIANTI v6.0.1 for each of the 5 line 
pairs used in this study. 



as a step function around T,-aax and assuming that the 
density is constant across each pixel, Equation 2] can be 
written as: 



it--- 




it 



Li 



(5) 



The EiS_DENSiTY.PRO routines calculates Go for a given 
electron density which allows the value of h to be de- 
rived for each pixel w i thin a raster for which the density 
is known (see lYoungj 120111 for more details) . Figure IB] 
shows the maps of column depth for the five density maps 
displayed in Figure [S] Unsurprisingly, the spatial dis- 
tribution of column depth closely resembles that of the 
density distributions, with footpoint emission exhibiting 
smaller column depths than the surrounding active re- 
gion; less than 15" in most cases, and as little as 0.01" 
in some places. These valu es agree well with those found 
bv lDel Zanna et all ()2011D . who used the same technique 
and line ratio but assumed photospheric abundances 
rather than coronal, and with iSaint-Hilaire et all ()2010f ) 
who derived column depth estimates from RHESSI HXR 
observations. Information on the column depths can be 
used to determine the opacity at the footpoints during 
this event. This will be discussed further in Section 

4. RESULTS 

Previous studies of active region heating using EIS 
data have attempted to establish the cause of line broad- 
ening by correlating the Doppler velocity at each pixel 
in a raster with its corresponding nonthermal velocity 
as determined from the line width. The same method 
was applied to the data in this work to explore the pos- 
sible mechanisms for line broadening at the footpoints 
of a flaring loop. In order to distinguish flaring emission 
from that of the surrounding active region and quiet-Sun 
plasma, histograms of all data values were plotted. Fig- 
ure [7] shows the Doppler and nonthermal velocity maps 
and corresponding histograms for the Fe XV line dur- 
ing the impulsive phase. In both cases, the distribution 
of values is close to Gaussian (centered on zero km s^^ 
in the Doppler velocity case and on ~41 km s^^ in the 
nonthermal velocity case). Data values that lay outside 
the 3(T level of the Gaussian fit to the histograms were 
found to correspond to emission coming solely from the 
footpoints as illustrated by the contours overplotted on 



Fig. 5. — Electron density maps in each of the 5 line pairs avail- 
able in this study. The "missing data" at the top of the Fe XII 
and Fe XIII rasters are due to the 17" offset (in the j/-direction) 
between the two EIS detectors. 
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Fig. 6. — Column depth maps (in arcseconds) in each of the 5 
density sensitive line pairs available in this study. 



the maps (i.e. the contours drawn correspond to the 3cr 
level of the Gaussian fit in each case). This was repeated 
for the Fe XIV and Fe XVI lines which had the strongest 
signal-to-noise ratios as well as appreciable Doppler ve- 
locities. 

4.1. Nonthermal Velocity versus Doppler Velocity 

Figure [8] shows scatter plots of Doppler velocity against 
nonthermal velocity for the Fe XIV, Fe XV, and Fe XVI 
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Fig. 7. — Top row: A velocity map of the entire EIS raster in 
the Fe XV hne taken during the impulsive phase, and the corre- 
sponding histogram of Doppler velocity values. Bottom row: The 
nonthermal velocity map for the same raster and the corresponding 
histogram of nonthermal velocity values. The solid curves on each 
of the histogram plots are Gaussian fits to the distributions. The 
vertical dashed lines mark the 3a- width of the Gaussians, which are 
then overlaid as contours on the maps. This 3cr level adequately 
differentiates the flaring footpoint emission from the rest of the 
active region. 



lines. The black data points centered around the 
km s^^ level are from the quiescent active region and 
surrounding quiet Sun. The data points which are asso- 
ciated with the flaring emission from each footpoint are 
plotted as blue circles (FPl) and red crosses (FP2). It 
is shown that these values lie above the 3a level for each 
distribution as described at the beginning of Section HI 
While there appears to be a weak correlation between 
Doppler velocity and nonthermal velocity in each of these 
lines for FPl (|r| < 0.39, where r is the Pearson correla- 
tion coefficient), the correlation between the two param- 
eters for FP2 for the Fe XV and Fe XVI lines is quite 
striking (|r| > 0.59). There is a near-linear relationship 
between the two values indicating that, at least for this 
footpoint, that the broadening is a result of superposed 
Doppler flows which are due to heating by nonthermal 
electrons. From RHESSI observations it is known that 
nonthermal electrons have an energy distribution that 
closely resembles a power-law distribution. It is there- 
fore reasonable to assume that this distribution of ener- 
gies would translate to a broader range of velocities as 
it heats the lower layers of the atmosphere. This may 
result in the heated plasma becoming more turbulent, or 
in generating flows of evaporated material that are faster 
and slower than the bulk Doppler flow. The large degree 
of scatter for FPl in each line could be due to the ras- 
tering nature of the observations: by the time the slit of 
the spectrometer had reached FPl (rastering from right 



to left) the flare had become increasingly complex, with 
plasma flows sufficiently below the instrumental resolu- 
tion. 

4.2. Nonthermal Velocity versus Electron Density 

The linear relationship between Doppler velocity and 
nonthermal velocity for FP2 derived in Section 14.11 sug- 
gests that the excess broadening was due to unresolved 
plasma flows along the line of sight. To investigate 
whether the broadening could also be due to effects gen- 
erated by the high densities obtained during the ffare's 
impulsive phase, the nonthermal velocities for each of the 
two Fe XIV lines (264A and 274A) were plotted against 
the corresponding densities derived from the ratio of the 
two lines as described in Section 13.21 and are shown in 
Figure [SI These lines were the only lines available in the 
observing sequence that were both density sensitive and 
strong enough to derive reliable nonthermal velocities. 

Where Figure |S] showed no discernible correlation be- 
tween Doppler and nonthermal velocities for the Fe XIV 
line, Figure [S] shows that there may be a stronger corre- 
lation between density and nonthermal velocity, at least 
for FP2 (|r| > 0.54). FPl on the other hand showed no 
distinguishable dependence between the two parameters 
(|r| < 0.06), with pixels which exhibited excessively high 
densities (>10^*' cm~^) showing little or no sign of ex- 
cess line broadening, and vice versa. This suggests that 
for FP2 at least (which was observed earlier in the ffare 
than FPl) that the broadening of the Fe XIV lines could 
have been due to pressure or opacity broadening because 
of the higher electron densities achieved during the ini- 
ti al heating phase. This conclusion is in contrast to that 
of iDoschek et al.| ()2007D who found that regions of large 
line widths in active region studies did not correspond to 
regions of high density. 

4.3. Opacity Broadening or Pressure Broadening? 

To investigate whether either pressure or opacity ef- 
fects might be the cause of the observed broadening in 
the Fe XIV lines as deduced from Figure [51 estimates 
can be made of how each of these effects contribute to 
the overall line proflle. From iBloomfield et al.l (l200j) the 
opacity, tq, can be estimated via: 

To = 1.16 X 10 '^Xf^J\ — TT^'^'^ ^ 

V T Uel UH Ne 

where A is the wavelength of the line, is the oscillator 
strength (0.401 a nd 1.41 for the 26 4A and 274A lines, 
respectively; from lLiang et al.ll2010D . M is the mass of 
the ion (55.845 amu for Fe), npexiv /npe = 0.2 (from 
Mazzotta et"all 119981 ). and npe/nn = 10"'* '*^ (from 
FeldmanI 11991) . Using these values, tq = 0.05 for the 
264A line and 0.2 for the 274A line. Therefore both lines 
appear to be optically thin, which would suggest that 
opacity broadening was not significant. 

So what about pressure broadening? For pressure 
broadening to be significant the collisional timescales 
have to be shorter than the timescale of the emitting 
photon, ioi where t^ is given by: 



N,a^2kBT/M 



X 60 



S 50 



S 40 



30 



Fe XIV 




• FPl (r=0.332) 
y^FZ (r=-0.31) 



-25 



-20 -15 -10 -5 5 
Doppler Velocity (km s~^) 



80 



70 



60 



50 



40 r 



30 



R. O. Milligan 
Fe XV 



_ • , . ^ 

f ;• , 


■i 






. FPl (r=-0.19) 
r )^FP2 (r=-0.59) 





10 



-40 



-30 -20 -10 10 
Doppler Velocity (km s~') 



80 



70 



60 



50 



40 r 



30 



Fe XVI 




• FPl (r=-0.39) 'Si 
)^FP2 (r=-0.e5) ft 



-40 



-30 -20 -10 10 
Doppler Velocity (km s~') 



Fig. 8. — Scatter plots of Doppler velocity against nonthermal velocity for Fe XIV, Fe XV, and Fe XVI. The blue circles correspond to 
pixels from Footpoint #1 in Figure 1, while red crosses are from Footpoint #2. The horizontal and vertical dashed lines denote the 3cr 
level for each parameter. The r- values denote the correlation coefficient between the two parameters. 
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Fig. 9. — Scatter plots of electron density against nonthermal velocity for the two Fe XIV lines, 264A and 274A. The horizontal and 
vertical dashed lines denote the 3(7 level for each parameter. The r-values denote the correlation coefficient between the two parameters. 



where is the density and a is the colhsional cross 
section of the ion. The expected amount of broadening 
is therefore: 

AA.^^.^^,/^ (8) 
c TrAio c IT y M ^ ' 

Taking a to be SxlO^^^ cm'^ (from (Deri [2003), Vth 
= 58 km s'-^ (from Tabled]), and a maximum density of 
10^^ cm~'^, the effect of any pressure broadening equates 
to AA w 10~"'^^A, which is neghgible in terms of non- 
thermal velocity. This therefore suggests than neither 
opacity nor pressure broadening alone can explain the 
density dependence on line widths as noted in Figure [HI 

4.4. Doppler and Nonthermal Velocities as Functions of 
Temperature 

While it was not feasible to investigate the correla- 
tion between nonthermal velocity and electron density 



and velocity for other lines due to poor signal-to-noise 
ratios, as seen in the bottom row of Figure |3l and the 
lack of appropriate density sensitive line ratios, the non- 
thermal velocity at the brightest footpoint pixel in the 
raster (in FPl) was measurable for lines formed over 
the broad range of temperatu res. It was from this pixel 
that iMilligan Sz DennTsI (|2009[ ) determined the linear re- 
lationship between Doppler velocity and temperature. 
Figure [TU] shows these results in addition to the corre- 
sponding nonthermal velocities for the same lines plotted 
against the formation temperature of the line. Also plot- 
ted are the values of the thermal velocities for each line 
(dashed line with triangles) calculated from Equation [3] 
using the formation temperatures listed in Table[T] (Note 
that the thermal width has already been removed from 
the total line width before calculating the nonthermal ve- 
locity; this curve merely acts as a comparative guide for 
the values of the thermal velocities for each line.) The 
coolest line in the observing sequence, He II, displayed 
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Fig. 10. — Top panel: Line-of-sight Doppler velocity for the single brightest pixel in FPl for each of the 15 emission lines studied. 
Positive velocities (redshifts) indicate downflows, while negative velocities (blueshifts) indicate u pflows. Dashed line s represent least 
squares fits to the upward and downward moving plasma, excluding the He II line (taken from fMTIliEan &: Dennisl l2009'). Bottom panel: 
The corresponding nonthermal velocities for the same lines and at the same spatial location. The dotted line with triangles marks the 
thermal velocity calculated using Equation [3] These values have already been removed from the nonthermal velocity calculations and this 
curve is merely for comparative purposes. 



a nonthermal velocity of ~55 km s ^ while the hottest 
lines (Fe XXIII and Fe XXIV) showed values greater than 
100 km s~^. However, care must be taken when evalu- 
ating the magnitude of the widths for these lines as the 
He line is known to be ble nded with Si X, Fe XII, and 
Fe XIII ([Young et al.ll2007[ ). and both the blueshifted 
components of the Fe XXIII and Fe XXIV lines were mea- 
sured near the edges of their respective sp ectral windows 
(see Figure 4 in .Milligan fc DennisI 120091) . so the result- 
ing Gaussian fits may not be wholly accurate. The lack 
of a systematic correlation between nonthermal velocity 
and temperature, as found with Doppler velocities, sug- 
gests that the line broadening may not be solely due to 
a superposition of plasma flows below the instrumental 
resolution. 

5. CONCLUSIONS 

This paper presents a detailed investigation into the 
nature of spatially-resolved line broadening of EUV emis- 
sion lines during the impulsive phase of a C-class solar 
flare. Line profiles, co-spatial with the HXR emission ob- 



served by RHESSI, were found to be broadened beyond 
their thermal widths. Using techniques similar to that 
used to establish the ca use of line broaden i ng in quiescent 
active region spect ra (iHar a et all 20081 iDoschek et al.l 
l2008llBrvans et al.l l2010. Peter|l2Q10|) ,ltwas found that a 
strong correlation existed between Doppler velocity and 
nonthermal velocity for the Fe XV and Fe XVI lines at 
one of the footpoints. This suggests that the line broad- 
ening at these temperatures was a signature of unresolved 
plasma flows along the line of sight during the process of 
chromospheric evaporation by nonthermal electrons. 

The analysis of the Fe XIV line on the other hand, 
which showed no conclusive correlation between Doppler 
and nonthermal velocities, showed a stronger correlation 
between electron density and nonthermal velocity which 
suggested that the excess line broadening at these tem- 
peratures cold have been due to either opacity or pres- 
sure broadening. However, estimates of the magnitude of 
each of these effects appeared to suggest that the amount 
of excess broadening was negligible in each case. Per- 
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haps the assumptions made in solving Equations IHl and 
[8] were incorrect (e.g. ionization equihbrium; see below), 
or the broadening was due to a culmination of different 
effects, or perhaps it was due to a different mechanism 
altogether not considered here (e.g. Stark broadening). 
While the findings presented here suggest tentative evi- 
dence for line broadening due to enhanced electron densi- 
ties during a C-class flare, perhaps larger, more energetic 
events, or density diagnostics of higher temperature plas- 
mas, will show these effects to be even more substantial. 
Line broadening can not only reveal important informa- 
tion with regard to the heating processes during flares 
but can also be a crucial diagnostic of the fundamental 
atomic physics and must be a component of future flare 
modelling. 

The underlying assumption of this analysis was that 
the lines investigated were formed in ionization equilib- 
rium. While this assumption is usually va lid for high- 
density plasmas (jBradshaw fc Cargilill2010[ ). departures 
from equilibrium can affect the assumed formation tem- 
perature of a line. If a line was formed at a higher tem- 
perature than that quoted in Table [1] then the result- 
ing nonthermal velocity could be much less than mea- 
sured here, perhaps even negligible. For example, the 
nonthermal velocity calculated for the Fe XV line was 
73 km s At the assumed formation temperature of 
2 MK this yields a thermal velocity of 25 km s~^. If the 
formation temperature was increased to ^^8 MK then the 
nonthermal width would essentially tend to zero. How- 
ever, this would also result in a decrease in the line in- 
tensity by three orders of magnitude as determined by 



the corresponding contribution function. 

While previous studies of emission line widths during 
solar flares have often focused on line profiles integrated 
over the entire solar disk, EIS now offers the capability 
of determining the location and magnitude of the broad- 
ening thanks to its superior spectral resolution. This, 
coupled with its remarkable Doppler resolution, density 
diagnostic capability, and broad temperature coverage 
allow a truly detailed study of the composition and dy- 
namic behavior of the flaring solar atmosphere. 
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